We delineated natural and oil-field salinity sources that degrade water quality in the upper Colorado River (west Texas) and Petronila Creek (Texas coast) by combining multifrequency airborne EM measurements of apparent ground conductivity with chemical analyses of surface water at key stream locations. To reduce the cost of high-resolution airborne surveying over such large areas, we first flew along the stream axes and then examined preliminary results in the field to identify likely salinized stream segments. We then flew more detailed surveys over these areas rather than over the entire basin. Stream-axis EM data also helped identify water-sampling locations upstream and downstream from each salinized segment. We used these data to calculate salinity loads, discriminate among possible natural and oil-field salinity sources, and more effectively implement best-management practices to optimize remediation efforts.
Introduction
Electromagnetic induction (EM) methods have proven to be effective in ground salinization studies worldwide through their ability to detect ground conductivity increases caused by salinization. Despite their usefulness, the size of the salinized areas and the high cost of gridded airborne surveys commonly precludes their use over extensive areas where salinization is poorly defined. We present two examples of an approach to airborne EM surveying applied to stream salinization that helps define the boundaries of salinized stream segments, allows informed selection of stream sampling locations, identifies candidate areas for more detailed airborne surveys, and focuses best-management practices to facilitate remediation efforts. This approach entails (1) flying the axis of the stream, acquiring multifrequency EM data that reveal the upstream and downstream limits of salinized ground beneath the stream and whether the salinization likely arises from surface or subsurface sources, (2) analyzing fieldprocessed data to select stream segments for more detailed flying while the aircraft and instrument are in the area, and (3) selecting optimal locations for subsequent stream sampling and hydrochemical analysis upstream and downstream from the salinized segments. Two examples include a large-basin survey of the upper Colorado River near San Angelo, Texas and a small-basin survey of Petronila Creek on the Texas coastal plain (Figure 1 ).
Methods
We used the frequency-domain EM (FDEM) method to measure apparent electrical conductivity as a proxy for ground salinization. FDEM employs a changing primary magnetic field created around a transmitter coil to induce current to flow in the ground, which in turn creates a secondary magnetic field that is sensed by the receiver coil (Parasnis, 1986; Frischknecht and others, 1991; West and Macnae, 1991) . The strength of the secondary field is a complex function of EM frequency and ground conductivity (McNeill, 1980) , but it generally increases with ground conductivity at constant frequency.
We acquired airborne EM data in February 2005 using a Geophex GEM-2A instrument (Figure 2) operating at five frequencies between 450 Hz and 39 kHz. The GEM-2A employs a single pair of transmitter and receiver induction coils in horizontal coplanar orientation that operates at multiple effective frequencies (and exploration depths) simultaneously (Won and others, 2003) . We chose five primary frequencies: 450, 1350, 4170, 12,810, and 39,030 Hz that yield exploration depths ranging from a few meters at the highest frequency to several tens of meters at the lowest frequency. More frequencies could have been chosen, but additional frequencies reduce the dipole moment available for other frequencies, thus possibly reducing the signal-to-noise ratio below acceptable levels. EM calibration included recording ambient noise at the chosen frequencies and pre-and postflight checks of instrument phase and amplitude response. Instrument response and drift were compensated by raising the instrument above 300 m at the beginning and end of each flight to minimize the instrument's response to the ground. Geophex processed the data to calculate apparent conductivities and depths along the flight lines for each frequency using a half-space model algorithm (Sengpiel, 1988; Geophex, 2005) . We produced apparent conductivity images at each frequency along the stream axis by classifying values according to their mean and standard deviation for the stream segment. We also generated vertical sections along the stream axis in selected areas, considering distance along the stream as one variable and apparent conductivity at each frequency as the other variable. These multifrequency "streambed induction logs" depict the lateral extent of ground salinization along the stream and indicate whether apparent conductivities increase (deep salinity source) or decrease (shallow salinity source) with depth.
Airborne EM data included 437 km following the axis of the upper Colorado River and its major tributaries, 266 km along closely spaced, parallel flight lines within two 3 × 10 km corridors centered on the Colorado River, 38 km following the axis of Petronila Creek, and 841 km along closely spaced, parallel lines within a 6 × 25 km corridor centered on Petronila Creek. Within the corridors, lines were spaced at 200 m (Petronila Creek) and 300 m (Colorado River) to provide adequate spatial coverage.
Large Basin: Upper Colorado River, West Texas
We conducted an airborne geophysical survey of the upper Colorado River and its tributaries from Lake Thomas to Ivie Reservoir (Figure 1 ). The purpose of this survey and supporting ground-based geophysical measurements and chemical analyses of surface water was to delineate the lateral extent and assess the degree and possible sources of salinization that contribute to the failure of segments of the upper Colorado River to meet surface water quality standards for total dissolved solids (TDS), chloride, and sulfate (Paine and others, 2005a) . Several governmental agencies have monitored and analyzed surface water quality along the river, including the Lower Colorado River Authority, the Upper Colorado River Authority, the Colorado River Municipal Water District, the U.S. Geological Survey, and the Texas Commission on Environmental Quality (TCEQ) and its subcontractors (EA Engineering, Science, and Technology, 2002a). Surface-water monitoring has revealed periodic and repeated high salinity values at several monitoring sites, at times exceeding the 2,000 milligrams per liter (mg/L) standard for TDS. Other related constituents of concern include chloride and sulfate.
The airborne EM survey measured the electrical conductivity of the ground to multiple exploration depths along stream-axis flight lines on the Colorado River and a high-salinity tributary. Two small block surveys were flown centered on the Colorado River to provide more detailed conductivity data in key salinized areas. The survey identified 11 high-conductivity areas that each are likely to increase the TDS, chloride, and sulfate load carried by the Colorado River. There are four high-conductivity segments on the Colorado River above Spence Reservoir, three on a high-salinity tributary (Beals Creek) above Spence Reservoir, and four between Spence Reservoir and Ballinger (the Machae Creek, Maverick, Bull Hollow, and Valley Creek areas, Figure 3 ). Multifrequency sections constructed along each of the high-conductivity segments (Figure 4 and subsurface salinization, allowing discrimination among likely surface and subsurface salinity sources and identification of areas of saline baseflow contributions where there may be no evidence of salinization at the surface. We used geophysical data to choose water-sampling locations that included low-flow-stage river samples near the upstream and downstream ends of the conductive areas. These data verified that TDS, chloride, and sulfate loads carried by the river do increase along these conductive areas. Loading estimates based on April 2005 data suggest that the Maverick and Valley Creek segments are receiving relatively sulfate-rich discharges that likely represent dominant flow contributions from naturally dissolving evaporite deposits. The Machae Creek and Bull Hollow areas are receiving relatively chloride-rich load increases that may be caused by nearby produced-water sources in adjacent oil fields. Baseflow contributions to the river from the regional, largely naturally saline aquifers are a major control on Colorado River salinity, but this dominance appears to be modified locally near other sources of near-surface salinity such as produced water from proximal oil fields in several of the high-conductivity areas. Impacts range from local, near-surface salinization along the river near tributaries that drain parts of the fields to deeper infiltration from past surface discharge or leaking wells and possible lateral migration and discharge at riverbank seeps or into adjacent alluvial sediments.
Small Basin: Petronila Creek, Texas Coastal Plain
We used ground-based and airborne geophysical instruments to measure the apparent electrical conductivity of the ground along and near Petronila Creek on the Texas coastal plain (Figure 1 ) to investigate the extent and intensity of salinization degrading surface water quality in the creek (Paine and others, 2005b) . This work follows previous investigations of surface-water quality by the Nueces River Authority and TCEQ and its subcon- tractors, including The Louis Berger Group and EA Engineering, Science, and Technology, resulting from the failure of Petronila Creek to meet surface water quality standards for TDS, chloride, and sulfate (EA Engineering, Science, and Technology, 2002b) . Petronila Creek flows generally southeast for about 70 km across the coastal plain, ultimately emptying into the Baffin Bay estuarine complex. The creek flows in a narrow, relatively shallow valley eroded into clay-rich and sandy clay strata mapped as the Beaumont Formation (Brown and others, 1975) , a late Pleistocene alluvial complex that slopes gently gulfward. Recent chemical analyses of surface water in Petronila Creek, its tributaries, and in drainage ditches indicate that TDS and chloride concentrations are low upstream from the U.S. 77 bridge at Driscoll, but increase to levels that commonly fail to meet surface water quality standards downstream from U.S. 77 ( Figure 5 ). Possible sources of the downstream increase in salinity include (a) the presence of primary saline pore water in Beaumont Formation strata that were deposited in a late Pleistocene coastal environment; (b) salt particles blown inland and deposited by prevailing onshore winds; (c) extensive inland flooding of saline gulf and estuarine water during recurrent tropical storms; and (d) surface and near-surface discharge of saline water during hydrocarbon exploration and production, including discharge and infiltration into brine pits, direct discharge into creeks and ditches, and perhaps leaking injection or brine-disposal wells. We used maps depicting apparent conductivity variations across the area ( Figure 5 ) and vertical sections along the stream axis depicting apparent conductivity changes with frequency ( Figure 6 ) to identify three areas along Petronila Creek (the Driscoll, Concordia, and Luby areas) where high apparent ground conductivities indicate that near-surface salinization is likely to be increasing the TDS, chloride, and sulfate load of the creek. Highly elevated conductivities at shallow exploration depths along Petronila Creek in the Driscoll and Concordia areas are associated with extensive adjacent conductive areas in the Driscoll Oil Field and along drainage ditches that carried highly saline water produced from the oil field before surface discharge was ended in 1987. These highconductivity areas indicate the presence of near-surface salinization dominantly caused by past discharge of produced brine into ditches and pits, infiltration into sandy, permeable horizons visible in ditches and in subsurface core, lateral migration in the shallow subsurface toward the creek, and eventual discharge into the creek at seeps or as shallow baseflow contributions. Flow measurements and chemical analyses of Petronila Creek coincident with the airborne survey show that the TDS load increased more than 20,000 kg/day in the Driscoll segment and 61,000 kg/day in the Concordia segment. Similar proportional increases were calculated for chloride and sulfate load. The Luby area coincides with the zone of estuarine mixing at the downstream limit of the survey area. Conductivity patterns indicate a local area of near-surface salinization associated with a tributary and ditch system that drains the Luby Oil Field. Salinization evident at deeper exploration depths is interpreted to be the result of landward, subsurface intrusion of sea water.
Geophysical data and chemical analyses suggest that the dominant source of salinity in Petronila Creek between U.S. 77 and the estuarine-influenced zone is brine produced from local oil fields and discharged into ditches before the Railroad Commission of Texas (RRC) ended that practice in 1987 or into pits before RRC's nopit order was implemented in 1969. Airborne geophysical data suggest that there are extensive areas of salinization between the drainage ditches and the creek that may provide continuing sources of salinity along the Driscoll, Concordia, and Luby segments of Petronila Creek.
Conclusions
We integrated ground and airborne EM measurements and hydrochemical analyses to delineate the extent and intensity of salinization and identify salinity sources in a large semiarid drainage basin and a small coastal-plain basin. Geophysical results and hydrochemical analyses indicate that a combination of natural and oilfield salinity sources increase TDS, chloride, and sulfate concentrations in the Colorado River and Petronila Creek, the principal streams in the basins.
We used multifrequency apparent conductivity profiles (streambed induction logs) and apparent conductivity maps constructed from airborne EM data to identify high-conductivity areas where ground salinization contributes to the salinity load of the streams. These geophysical measurements guided surface-water sampling and hydrochemical analyses to quantify salinity loading along these segments and confirm salinity source types.
Streambed induction logs acquired along the stream axis provide a continuous, rapid, and relatively lowcost means to identify specific salinized stream segments where saline base flow degrades surface-water quality. These data help determine optimal stream sampling locations and set gridded survey boundaries that minimize the area to be flown at higher resolution. Apparent conductivity maps constructed from gridded survey data are necessary to quantify the intensity and lateral and vertical extent of salinization, discriminate among possible salinity sources, and evaluate remediation options.
